It is a known phenomenon that loads during fruit treatment (e.g., harvesting, transport, and manipulating) result in the damage of product parts, primarily below the surface. The maximum stress likely develops inside the fruit, which leads to its damage. This phenomenon was analysed in a general manner (general material properties, unit load) by finite element method (FEM) simulations on an apple and a pear. The shell was found to have a significant effect on the developed stress state, especially for juicy fruits. The mechanism that determines how the stress properties of tomatoes affect the stress state was analysed. According to our model, the stress maxima develop in the middle of the analysed fruits. Such stress maxima might be the reason for the inner damage, which, in the case of a missing healing period, results in fruit breakage.
Introduction
There is a connection between the mechanical damage of a fruit and the stress state developed while loading the fruit [1] . Any damage and injury on the fruit surface is easy to identify [2] . The occurrence of damage below the shell has already been proven by several researchers. This phenomenon has been observed by Holt et al. [3] for apples and pears. Similar phenomena have been detailed by O'Brian et al. [4] for peaches and by Fridley and Adrian [5] for pears.
The discoloration of potatoes near to the surface has been analysed by Birth [6] using X-ray equipment, and he has indicated that the damage was caused by the load.
Frederich [7] provided the first strong explanation for the above phenomenon. Puchalski and Brusewitz [8] found that, in some cases, it is possible that the resulting stress maximum does not develop on the surface and that fruit is more resistant against shear stress.
The material inhomogeneity of the fruit essentially affects the resulting stress state. Four separated parts of the fruit can be observed: shell, flesh, core, and seed [9] . The different parts of the fruit affect the resulting stress state differently; for example, the effect of the shell is more important in tomatoes than in apples [10] . The complex structure of fruits requires the use of numerical modelling for its mechanical analysis [11] . The finite element method (FEM) is generally used to analyse complex mechanical interactions [12, 13] , as well as to analyse the effect of the fruit parts [14, 15] . The discrete element method (DEM) was recently used to analyse the storage and transport of fruit batches [16, 17] .
The skin is usually considered as a fruit part with different properties [18] ; however, this solution does not consider the skin straightness or its fruit covering effect. There are some solutions available for the modelling of the contract stress state developing inside a sphere with known features and known skin covering properties [19] . The determining of the strength effect of the skin has been already shown by micromechanical modelling of the yeast cell wall [20] .
There was no literature found either on the analysis of the stress state within the fruit or on the effect of the fruit shell.
Our aim was to determine the resulting stress state of fruits (apples and pears) for a given load as well as the role of the potato shell.
Materials and Methods

Mechanical Modelling of Fruits.
Fruit injuries are generally caused by short time mechanical loads or impacts. The load on the fruit surface deforms the product. The mechanical state can be determined by the displacement, the deformation field, and the resulting strain field. Usually, the maximum of a strength field is the point that exceeds the so-called biological yield point, beyond which the cell structure will be destroyed and finally result in the decomposition of the product.
The complex form and the complicated structure make the analytical calculation of the mechanical stress field impossible. In this case, the finite element method provides the most useful and the most convenient solution under the available options.
Fruit models must be prepared for the calculations, which will be considered as rotationally symmetric bodies. The symmetry axis of the model presented in a cut along the half meridian coincides with the -axis.
The fruit consists of four separated parts: shell, flesh, core and seed.
In the calculations, the applied FEM element types were the following: TRIANG3: two-dimensional three-node solid element, axial-symmetric-with analysis option (flesh, core, and seed), SHELLAX: axial-symmetric two-node, conic shell element (fruit shell).
Material properties must be defined during the static calculations for each element type.
The buildup of the fruit load is assumed to be rapid; therefore, the relationship between the load and the deformation can be defined as an approximately linear elastic material model. However, the rheological equations provide a more accurate solution for the behaviour of vegetable materials. Isotropic behaviour of the material has been assumed because of the high moisture content.
The stress-elongation function of any axial symmetric model with elastic material properties is isotropic:
] .
(1)
The 4 × 4 flexibility material matrix can be seen to use 2 pieces of data: = and ] = NU . The material properties used in our models are only the mean values of the literature parameters [21] [22] [23] ; therefore, these are not characteristic for a single unit or species. In addition, the exact values of the boundary conditions are not important because only the stress state distribution has been analysed. Therefore, a unit load was only applied at the given points in the models.
The load set of the fruit was a distributed load on the top and sideward; furthermore, a sustainment was used on the bottom and in the rotating axis to provide a balance. Figure 1 . The set material properties are in Table 1 . Figure 2 . The applied FEM element types were as follows:
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TRIANG: axial-symmetric three-node solid element (flesh, core), SHELLAX: axial-symmetric two-node, conic shell element (fruit skin).
The load set of the fruit was a distributed load sideways; also, a sustainment was used on the bottom and in the rotating axis to provide a balance.
The set material properties are in Table 2 .
Modelling the Mechanical
Effect of the Shell. The potato was considered as an approximately rotationally symmetric body. The symmetry axis of the model presented in a cut along the half meridian coincides with the -axis. The fruit consists of three separated parts: shell, flesh, and juice. The first two items are solid, while the third one is liquid. The load set of the body was a distributed load on the top, with a sustainment used on the bottom and in the rotating axis to provide a balance ( Figure 3 ). The applied FEM element types were as follows:
(1) juice: PLANE2D, axial-symmetric, four-node element with liquid option, (2) flesh: PLANE2D, axial-symmetric, four-node element with solid option, (3) shell: SHELLAX, axial-symmetric, shell element (in a 0.2 mm thickness). Table 3 lists the set material properties of shell. The goal of our analysis is to determine the value and the location (coordinates) of the reduced stress maximum (belonging to the applied load). The effect of the shell rigidity on the maximal stress value by unchanged load was also analysed.
The shell (or membrane) stiffness in the technical calculations is determined by the following equation: where ℎ is the shell (or plate) thickness, ] is the Poisson factor, and is Young's modulus.
Different stiffness values were set by varying Young's modulus (because of computational reasons, this was the only parameter varied), and the inner stress calculations were performed by using this stiffness value. The shell stiffness as well as corresponding Young's modulus in brackets was used in some calculations. The zoomed picture below shows the nodes (ND) belonging to the tables containing the results (Figure 4 and Table 4 ). Figure 5 shows the reduced stress distribution and its distortion during loading of an apple.
Results and Discussion
Note that the maximum reduced stress develops around the core. Figure 6 shows the reduced stress distribution during the loading of a pear.
The pictures of the stress distributions of an apple and a pear show that the maximal stress does not develop close to the shell. The pictures of the calculation results of the shell effect in the case of a potato show that the shell stiffness affects the size and place of the resulting stress (Figure 7) . Figure 4 shows the developed stress maximum points, and Table 4 lists its values.
The summarising pictures (Figure 7) show the connection between the stress and the stiffness. The plate stiffness is affected by the thickness (to the third power) and Young's modulus of the shell (the Poisson factor can be assumed to be constant). The picture proves the reasonable fact that the thicker and harder shell provides more protection against damage, although its measure cannot be estimated without extended calculations.
In addition, the largest stress was found to progress not on the surface but deeper. Moreover, according to Table 4 , the maximal stress location was found to move away. The more rigid skin results in a maximal stress shifting from the skin towards the inside of the product. Figure 8 shows the maximal stress developed in tomatoes for the same load along the shell stiffness. The more rigid shell was found to result in a lower maximal stress value within the product.
Conclusions
The results of the FEM modelling confirm that the stress state in fruits can be analysed universally (the mean value of the material properties and that of the defined biological load). The maximal reduced stress was found to develop Von Mises 0.000655320 0.000580240 0.000505150 0.000430070 0.000354990 0.000279900 0.000204820 0.000129740 5.4653E − 005 near the core of an apple. This stress near the core was also found in the results of the pear. These simulation results indicate that the core operates as a stress accumulator part, which extraordinarily indicates that damage often occurs in the region near the core. The calculated results for a pear with the largest flesh thickness indicate that a local stress maximum develops below the surface.
The shell of tomatoes plays an important role in the resulting stress distribution. A high shell rigidity was found to lower the inner stress maximum. This reduction is higher at the beginning, and its importance will be lower later on. Hence, a threshold value for the shell stiffness can be assumed, which should not be exceeded by plant selection because it will not result in a significant improvement of the mechanical resistance, but it already affects the culinary quality.
